ABSTRACT Current genome editing techniques available for Saccharomyces yeast species rely on auxotrophic markers, limiting their use in wild and industrial strains and species. Taking advantage of the ancient loss of thymidine kinase in the fungal kingdom, we have developed the herpes simplex virus thymidine kinase gene as a selectable and counterselectable marker that forms the core of novel genome engineering tools called the Haploid Engineering and Replacement Protocol (HERP) cassettes. Here we show that these cassettes allow a researcher to rapidly generate heterogeneous populations of cells with thousands of independent chromosomal allele replacements using mixed PCR products. We further show that the high efficiency of this approach enables the simultaneous replacement of both alleles in diploid cells. Using these new techniques, many of the most powerful yeast genetic manipulation strategies are now available in wild, industrial, and other prototrophic strains from across the diverse Saccharomyces genus.
G ENOME editing is a precise and powerful tool to investigate basic genetic processes or to reprogram an organism's metabolism. Techniques to precisely manipulate genomes exist for many model organisms (Storici et al. 2003; Gratz et al. 2013; Hwang et al. 2013; Jiang et al. 2013; Tzur et al. 2013) , but not all features of these approaches are easily portable to closely related species. The genus Saccharomyces is highly experimentally tractable, and laboratory strains of all seven natural species can be genetically manipulated Liti et al. 2013) . Saccharomyces cerevisiae is the most well-known member of the genus due to its role in brewing (Lodolo et al. 2008) , biofuels (Steen et al. 2008; Matsushika et al. 2009 ), winemaking (Peris et al. 2012) , and baking, as well as a model system for the biological sciences (Botstein and Fink 2011) . Other members of the genus are also used by humans in the form of interspecies hybrids, such as the S. cerevisiae 3 Saccharomyces kudriavzevii hybrids used to ferment some wines and Belgian beers (Peris et al. 2012 ) and the S. cerevisiae 3 Saccharomyces eubayanus (Libkind et al. 2011) hybrids found in the brewing of lager-style beers around the world. The Saccharomyces genus is also an emerging "model genus" for molecular evolution, and several experimentally tractable species are now used routinely in evolutionary genetics research (Hittinger 2013) . Efficient genome editing of these diverse Saccharomyces yeasts would therefore provide new avenues of investigation for basic and applied research.
One major reason for the popularity of S. cerevisiae as a model system is the availability of powerful genetic manipulation tools. One of these tools is the URA3 selection/counterselection system (Boeke et al. 1984) . URA3 is a gene required for the de novo synthesis of uracil. Thus, the URA3 gene can be used as a selectable marker in ura3 strains by selecting for the ability to grow on synthetic media without uracil. The deactivation or replacement of URA3 can also be selected for using synthetic media containing 5-fluoroorotic acid (FOA), as URA3 cells convert FOA into the toxic compound 5-fluorouracil, while ura3 cells are unable to convert FOA. This counterselection property of the URA3 gene allows an investigator to insert the URA3 marker anywhere in the S. cerevisiae genome and then seamlessly replace it with DNA of interest.
These "insert-then-replace" engineering methods can be further enhanced by coupling a double-strand break (DSB) generator to the marker. DSBs are known to enhance homologous recombination in their immediate vicinity on the chromosome in a variety of organisms (Choulika et al. 1995; Glover and Horn 2009) , and, when paired with the counterselection capability of URA3, an investigator is able to recover modified strains at very high efficiencies (Storici et al. 2003; Stuckey and Storici 2013) . Unfortunately, wild and industrial strains are almost always prototrophic, preventing the use of URA3 without prior genetic manipulations. Since the impact of ura3 on growth is not fully relieved by uracil supplementation, auxotrophic strains can be more difficult to propagate and manipulate. Conclusions reached with prototrophic strains are also more biologically relevant (Mülleder et al. 2012; Vandersluis et al. 2014) , and nearly all industrial applications require robust prototrophic strains.
A possible general solution for engineering prototrophic fungi is suggested by the enzyme thymidine kinase (Tk), which functions in the pyrimidine salvage pathway to convert the nucleoside thymidine to thymidine monophosphate (dTMP) (Weissman et al. 1960) . Although present in a wide range of organisms from herpesvirus to humans, no fungal TK genes or enzymatic activities have been identified to date (Grivell and Jackson 1968) . Thymidine kinase from human herpes simplex virus (HSV-TK) was first expressed in yeast in the early 1980s (McNeil and Friesen 1981) . Whether thymidylate synthase was inhibited by antifolates or a cdc21 (tmp1) mutation, a high frequency of r 2 petites lacking mitochondrial function were generated (Little and Haynes 1979) . The tut1 genetic background was shown to exhibit enhanced thymidine uptake, which allowed the propagation of 90% r + cdc21 cells on glucose and the development of a counterselection scheme to replace plasmid TK with a captured piece of nuclear DNA (Sclafani and Fangman 1986) . Unfortunately, TUT1 remains uncloned, and general strategies that would allow TK to be used as both a selectable and counterselectable marker in wild Saccharomyces strains have not been pursued. Nonetheless, TK has found widespread use, in conjunction with hENT1 (human equilibrative nucleoside transporter 1), in DNA labeling experiments with 5-bromodeoxyuridine and 3 H-thymidine (Vernis et al. 2003; .
Here we describe the development of thymidine kinase as a selectable and counterselectable marker in the Saccharomyces genus, as well as its application toward high-throughput targeted allele replacement in the Haploid Engineering and Replacement Protocol (HERP) cassettes. This novel, generalized strategy facilitates efficient genome editing in prototrophic backgrounds of multiple Saccharomyces species, including diploids, and provides a roadmap for applications across the fungal kingdom.
Materials and Methods
Primers, strains, and media Strains used or created by this work are noted in Supporting Information, Table S1 . Primers used and their sequences are noted in Table S2 . For general culturing of strains in this work, either YPD (1% yeast extract, 2% peptone, and 2% glucose) or synthetic complete (SC) (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 0.2% complete drop out mix, and 2% glucose) media was used. Prior to galactose induction, cells were grown overnight in medium consisting of 2% yeast extract, 4% peptone, 100 mg/liter adenine hemisulfate, and 0.2% glucose. Galactose induction was performed in 2% yeast extract, 4% peptone, 100 mg/liter adenine hemisulfate, and 4% galactose. TK selection was done on YP-glycerol +antifo-lates (YPGly +AF: 1% yeast extract, 2% peptone, 5% glycerol, 200 mg/ml methotrexate, 5 mg/ml sulfanilamide, 5 mg/ml thymidine, and 50 mg/ml hypoxanthine). For counterselection, 50 mg/ml 5-fluorodeoxyuridine (FUdR) was added to SC medium (SC +FUdR); the double replacement protocol in diploids substituted the glucose in this formula with 5% glycerol (SCGly +FUdR). p306-BrdU-Inc integrants were selected on SC 2uracil media, and SC +5-FOA media was made as previously described (Boeke et al. 1984) . Solid medium was made by the addition of 1.8% agar to media before autoclaving.
Transformation of Saccharomyces
The lithium acetate/PEG-4000 method (Gietz and Woods 2002) with species-specific temperature modifications was used for insertion of TkMX and the HERP cassette PCR products into targeted genomic loci, as well as when stated for counterselection against the HERP cassettes. Otherwise, electroporation of ADE2 PCR products (Dicarlo et al. 2013 ) was used during counterselective replacement of the HERP cassettes in S. cerevisiae.
Selection and evaluation of TK-based genome integration
To evaluate p306-BrdU-Inc integrants, YPGly +AF was used. TkMX, TkMX-URA3, or HERP1.0 integrants were selected for by plating transformation reactions onto YPGly +AF. For HERP cassettes with drug fusions (HERP1.1 and HERP1.2), transformations were plated onto YPD with 200 mg/liter hygromycin, 300 mg/liter G418, or both. Candidate transformants were struck out for single colonies on fresh plates using the appropriate drug combination, and insertion was confirmed using colony PCR and sequencing insertion junctions.
Induction of HERP cassette
The day prior to transformation, strains possessing the integrated HERP cassette were inoculated from a single colony to preinduction media and grown overnight. The day of the transformation, 25 ml of induction media was inoculated to a 600-nm optical density (OD 600 ) of 0.25 (for LiAc/PEG) or 0.3 (for electroporation). These cultures were shaken at 250 rpm in the optimum temperature for the strain or species until the appropriate OD 600 reading for the transformation protocol in use was reached.
Selection of replacement of TkMX or the HERP cassette
After transformation via electroporation, cells were plated onto SC medium and incubated at optimum temperature for at least 24 hr. These plates were then placed at 4°for 1 hr and then replicated to SC +FUdR. The replicated plates were grown at the optimal temperature for that species or strain, occasionally being rereplicated to fresh FUdR plates if background growth was too high to pick distinct colonies. Candidate transformants were struck out for isolated colonies on fresh SC +FUdR plates and confirmed by colony PCR and, for diploid replacements, tetrad analysis.
Strain and cassette construction
Detailed information about methods of construction of strains in this work and the HERP cassettes can be found in the Supplementary Methods in Supporting Information, Figure S1 , Figure S2 , Figure S3 , File S1, File S2, Table S1 , Table S2 , Table S3 , and Works Cited. Detailed protocols for the production of media, suggested primer design strategies, and recommended use of the HERP cassettes are also provided (see Supplementary Protocol in File S2). All strains and plasmids are available from the corresponding author.
Results
TK is a selectable marker in Saccharomyces due to the ancient loss of thymidine kinase in fungi Since TK represented a promising candidate for development of a panfungal selectable/counterselectable marker system and high-efficiency genome editing technique, we sought to confirm its absence in Saccharomyces yeasts, as well as diverse Saccharomycotina yeasts and other fungi. Analysis of several key genome sequences suggests that TK was indeed lost early in the fungal lineage after it split from the animal lineage about a billion years ago (Grivell and Jackson 1968) (Figure S1 ). Surprisingly, a BLASTP search ) of GenBank with the fungi (taxon: 4751) filter and an E-value threshold of 1 recovered TK hits for several genera of microsporidians (an early-branching clade of fungi), including Encephalitozoon (E = 1e-07-9e-09), Anncaliia (E = 1e-06), Spraguea (E = 0.022), and Vittaforma (E = 0.78). These putative fungal TK genes have not been noted previously, but they may be related to the horizontal transfer of several genes involved in folate and purine metabolism, as described previously in the Encephalitozoon genus (Pombert et al. 2012 ). Despite these rare exceptions, we expect that most fungi lack a functional TK gene. Several disparate protist lineages have also independently lost TK (Grivell and Jackson 1968; Duraisingh et al. 2002) .
To evaluate TK as a selectable maker, we tested an antifolate cocktail of 200 mg/liter methotrexate and 5 g/liter sulfanilamide in YPD supplemented with 5 g/liter thymidine and 500 mg/liter hypoxanthine. This media was lethal to a wild-type strain but supported growth of an isogenic TK-hENT1 strain. However, consistent with previous results (Little and Haynes 1979) , when we used this media to select for TK transformants, most of the colonies recovered were r 2 petites that lacked respiratory function. Replacing glucose in the media with the nonfermentable carbon source glycerol (YPGly +AF) allowed selection of cells that retained functional mitochondrial genomes ( Figure S2 ). Once a selection medium had been formulated, we tested HSV-TK alone as a selectable marker. Even without hENT1, constitutively expressed TK proved an effective dominant marker in all four diverse species of Saccharomyces that we tested (Figure 1 ).
TK is a counterselectable marker in Saccharomyces
With a stably integrated copy of HSV-TK in each of several genomes, we were able to evaluate counterselection media conditions. Various FUdR concentrations have been effectively used in other organisms (Sclafani and Fangman 1986; Sachs et al. 1997; Hodson et al. 2003; Krappmann et al. 2005; Khang et al. 2005) , and we found that 50 mg/liter FUdR in SC media was sufficient to inhibit growth of the stably integrated TK strains but allow growth of the tk wild-type cells ( Figure 1) . As an initial test of our ability to recover newly generated tk wild-type cells, we transformed a strain of S. kudriavzevii that had regions of identical sequence on either side of its hoD::NatMX locus with TkMX PCR product and selected for cells resistant to the antifolate drugs (Figure 2A ). Colonies were isolated and purified, and these strains were exposed to counterselection with SC +FUdR media. Only cells that had deleted the TkMX marker by homologous recombination at the identical flanking sequences survived and yielded colonies resistant to FUdR ( Figure 2B ).
Counterselection relies on selection for the lack of gene activity in a cell, but replacement of the counterselectable marker is phenotypically indistinguishable from a deactivating mutation in that marker or mutations in other related genes that can cause drug resistance. For instance, null mutations in either URA3 or FUR4 are known to lead to spontaneous FOA R colonies (Jund et al. 1988) . We compared the rate of spontaneous FUdR R and FOA R mutation by replacing the ADE2 coding sequence of RM11-1a ) (a ura3 haploid strain of S. cerevisiae) with a TkMX-URA3 construct containing each gene under the control of its own promoter. An equal amount of overnight YPD culture of this strain was plated to both SC +FUdR and SC +FOA plates. Only 1.7 times more FUdR R colonies arose than FOA R colonies, suggesting that these counterselectable markers performed similarly.
To assess the suitability of TK-based genome editing schemes, we reinserted the native ADE2 sequence of our previously constructed ade2D::TkMX-URA3 strain by selecting for FUdR resistance and compared the growth parameters of the ADE2 wild-type, ade2D::TkMX-URA3, and restored ade2D::ADE2 strains ( Figure 2C ). The restored ade2D::ADE2 strains grew in an identical fashion to the wild-type ADE2 strain, indicating that they were unaffected by the insertion and replacement of TkMX. The ade2D::TkMX-URA3 strain exhibited a slower growth rate and lower final cell density than the other strains, most likely due to the deletion of ADE2.
Highly efficient and parallelized genome editing of Saccharomyces strains
To incorporate an inducible DSB feature, we fused a galactoseinducible SCE1 endonuclease to the TkMX marker, forming HERP1.0 (Haploid Engineering and Replacement Protocol v1.0, Figure 3A ). We targeted HERP1.0 to the ADE2 gene of RM11-1a to evaluate its capability to enhance transformation at that locus. The ade2D::HERP1.0 strain was induced on galactose and transformed with S. uvarum ADE2 PCR product possessing 40-bp overhangs targeting it to precisely replace the native ADE2 coding sequence; S. uvarum ADE2 was chosen because its high nucleotide divergence from the S. cerevisiae RM11-1a ADE2 would be easy to detect from a single Sanger sequencing reaction and would eliminate the possibility of contamination by wild-type cells ( Figure 3B ). We obtained a high rate of replacement using both lithium acetate/PEG and electroporation methods, with 0.24 and 0.86% of surviving cells exhibiting the FUdR R phenotype, respectively (Table 1 ). All FUdR R strains examined from these transformations possessed the S. uvarum insertion, translating to hundreds of thousands of transformants from each transformation reaction.
The high rate of transformation enabled by the HERP cassette could allow for the direct investigation of pools of variants in parallel by the cotransformation of mixed PCR products into a population of cells. To assess the feasibility of this scheme, we amplified the ADE2 gene from all seven Saccharomyces species with primers that targeted them to the ADE2 locus in the S. cerevisiae ade2D::HERP1.0 strain with 40-bp overhangs as before ( Figure 3C ), transformed the PCR products into galactoseinduced cells, and then recovered and sequenced the ADE2 locus of each individual transformant. All seven ADE2 sequences were observed in the transformed cells ( Figure 3D ).
Simultaneous homozygous genome editing of diploid Saccharomyces yeasts
While most laboratory strains of Saccharomyces are stable haploids, almost all industrial and wild strains of Saccharomyces are not. Diploidy presents a barrier to using DSB-mediated transformation schemes because diploid cells prefer to repair DSBs using the homologous chromosome rather than exogenous linear DNA. This preference results in the minority of recovered strains (4%) possessing the intended modification, even when a counterselectable marker is used (Storici et al. 2003) . We hypothesized that a DSB generated simultaneously at the same locus on both chromosomes would prevent these undesired repair events. We created HERP cassettes that had the TK gene tagged with an 8x glycine linker and either a hygromycinresistance (TK-Hyg) or a G418-resistance (TK-Kan) gene, forming the HERP1.1 and HERP1.2 cassettes, respectively. Sequential deletion of both ADE2 alleles in M22, a wild S. cerevisiae strain isolated from a vineyard Fay et al. 2004) , was performed by transformation using HERP1.1 or HERP1.2 PCR products featuring a 40-bp overhang that targeted the cassettes to precisely delete each ADE2 coding sequence. The resulting ade2D::HERP1.1/ade2D::HERP1.2 strain was induced with galactose and transformed with the S. uvarum ADE2 PCR product used in the RM11-1a experiments (Figure 4 ). Fifteen double replacement candidates were recovered from these plates, and 14 of the 15 candidates exhibited bands at the ADE2 locus Figure 2 TkMX is a counterselectable marker across Saccharomyces. (A) The S. kudriavzevii HO locus was previously engineered to be flanked by direct repeats (blue arrows). These repeats enable a high rate of homologous recombination between them (10 24 events/cell), resulting in a deletion of the intervening sequence. (B) When S. kudriavzevii hoD::TkMX is plated onto SC +FUdR media, FUdR R colonies can be recovered that have removed the entire hoD::TkMX locus. (C) Average S. cerevisiae growth characteristics were evaluated in YPD using a TECAN robotic plate reader. Both wild-type and restored ADE2 strains grew identically, validating the utility of TK for insert-then-replace engineering strategies, while the ade2D::TkMX-URA3 strain exhibited a lower growth rate and final cell density.
Figure 1 TK cells can be differentiated from tk cells. Haploid strains of S. uvarum, S. mikatae, S. cerevisiae, and S. kudriavzevii were transformed with TkMX PCR product possessing overhangs targeting it to a precise locus in each species and selected on antifolate media. Resistant cells exhibited TkMX inserted into the desired locus, and these cells also exhibited sensitivity to FUdR. consistent with the replacement of both HERP cassettes with the S. uvarum ADE2 PCR product.
To confirm this surprising result, eight of the double replacement candidates were sporulated, and their tetrads were dissected to separately examine the postmeiotic fate of the ADE2 allele present on each homologous chromosome. Three fully viable tetrads per candidate were examined by PCR and sequencing; all 96 spores possessed the S. uvarum ADE2 allele at their native ADE2 locus ( Figure S3A ), indicating that all eight candidates were indeed homozygous for the inserted S. uvarum ADE2 sequence.
To determine if this approach was generalizable to other Saccharomyces species, we repeated the procedure using S. uvarum, an early-diverging member of the genus. The HERP1.1 and HERP1.2 cassettes were inserted sequentially into chromosome 5 of the S. uvarum strain CBS 7001. The HERP cassettes were then replaced with constitutively expressed yEGFP . Eight candidates were obtained, and three yielded a PCR product consistent with yEGFP replacement of both HERP cassettes. Sporulation and tetrad analysis confirmed that all three candidates were the product of double replacement events ( Figure S3B ), yielding a recovery rate of 5.6 3 10 27 double replacements per surviving cell, which was similar to the rate of 2.8 3 10 27 in S. cerevisiae.
Discussion
The TkMX marker and HERP cassettes are versatile tools for engineering Saccharomyces genomes. We have shown that the absence of genes encoding thymidine kinase in almost all fungi allows the selectable and counterselectable HSV-TK gene to be used in several Saccharomyces species. The near kingdom-wide utility of this marker ( Figure S1 ) has been characterized to a certain extent in a handful of other fungi as well (Sachs et al. 1997; Pratt and Aramayo 2002; Hodson et al. 2003; Krappmann et al. 2005; Khang et al. 2005) . When paired with an inducible DSB generator, transformation rates approaching 1% of viable cells can be achieved. One application of this efficiency is the creation of populations of cells that differ at one locus chosen by the investigator. For Figure 3 HERP cassettes enable highly efficient gene replacement strategies. (A) TkMX was fused to the SCE1 gene driven by the galactose-inducible promoter of GAL1 by gap repair cloning in a ura3 strain of S. cerevisiae. (B) HERP1.0 was used to delete ADE2, which was in turn replaced with the ADE2 sequence from S. uvarum at a rate of 0.24 and 0.86% of surviving cells, depending on the transformation method used (Table 1 ). (C) The ade2D::HERP1.0 strain was transformed with a PCR product mixture containing approximately equimolar ADE2 sequences from the seven Saccharomyces species to test the ability to recover all species from a mixture of PCR products. Each of these PCR products possessed 40-bp overhangs targeting them to precisely replace the HERP1.0 cassette and restore ADE2 activity. (D) All seven species of ADE2 sequence present in the transformation reaction were observed integrated into the ADE2 locus by replacement of the HERP1.0 cassette. The proportion of the recovered strains deviated modestly from the expected proportions (x 2 = 13.1, d.f. = 6, P = 0.03997).
example, one small sample of cells could be transformed with hundreds or thousands of different PCR products, such as a library of alleles from a diverse group of organisms. The resulting pool could then be subjected to a selection regime designed to allow the growth of the sequences best fit to that condition; the most fit sequences would become overrepresented, while the least fit sequences would become less abundant. If mutagenic PCR were to be used, pooled replacement could saturate a genomic region of interest with novel mutations in a similar manner to deep mutational scanning (Araya and Fowler 2011) . If an investigator requires more detailed phenotypic analysis, such as to evaluate biochemical or biofuel yield, a robotic colony picker could be used to isolate a subset of the hundreds of thousands of transformants generated by pooled replacement for further downstream experiments.
Another exciting application of the HERP cassettes is homozygous double replacement in diploid cells, which enables facile genome editing in industrially important diploid Saccharomyces strains and species for the first time. While the mechanism behind double replacement is still being investigated, we hypothesize that the high rate of gene conversion observed in Saccharomyces is a major factor. When HERP cassettes are present at the same locus on both chromosomes, induction and transformation would result in one of the two cassettes being replaced with the exogenous PCR product by the cell during DSB repair. Since the other locus would still have a DSB lesion, the cell will most likely repair that chromosome with the newly transformed homologous chromosome. The end result would be a diploid cell that has had both HERP cassettes replaced by DNA derived from a single PCR product. Using this surprisingly efficient approach, we expect that almost every diploid industrial and wild strain of Saccharomyces can now be engineered directly without creating auxotrophic strains prior to genome editing.
The CRISPR/Cas9 genome editing system (Cong et al. 2013; Mali et al. 2013) , although highly efficient in animals, suffers from several minor and one major drawback in its current implementation within Saccharomyces. A new guide RNA (gRNA) nuclease must be constructed for every experiment to target Cas9 to the target locus, and off-target cutting can occur that is specific to each new gRNA (Cradick et al. 2013) . The requirement that the gRNA not be post-transcriptionally modified necessitates the use of RNA polymerase III promoters with specialized terminators (Haurwitz et al. 2010) or the construction of complex selfcleaving ribozyme schemes (Gao and Zhao 2014) . Finally, the current CRISPR/Cas9 system makes use of two separate S. cerevisiae-specific plasmids that contain auxotrophic markers (Dicarlo et al. 2013) , necessitating the construction of a specific strain background prior to use. These minor drawbacks are technical issues that will likely be resolved or simplified. However, the major issue with the S. cerevisiae CRISPR/Cas9 system is its inefficiency. Currently, only 10 25 successful edits per cell surviving transformation have been obtained (Dicarlo et al. 2013) , meaning that throughput is severely limited. The HERP cassettes solve this problem, which is inherent to bulk transformation of microbial cells with multiple constructs, by providing a fully contained system that both generates targeted DSBs and allows successfully edited cells to be recovered efficiently by counterselection.
Despite these tremendous advantages, the HERP cassettes have limitations. In some species, targeted genomic integration is difficult, making the initial insertion of the HERP cassettes challenging. Because SCE1 expression is currently induced by galactose, species lacking functional GAL networks [such as Japanese S. kudriavzevii strains (Hittinger et al. 2004 or non-Saccharomycetaceae whose induction systems differ (Martchenko et al. 2007) ] cannot use the DSB-generator feature of the cassettes. The antifolate drugs used for selection of HERP cassette integration can also damage mitochondria in certain situations, such as in the presence of low thymidine concentrations or when using strains of S. cerevisiae derived from Figure 4 HERP cassettes allow simultaneous replacement of a locus on both chromosomes in a diploid cell. A diploid cell was sequentially transformed with the HERP1.1 and HERP1.2 cassettes targeted to precisely delete the ADE2 coding sequence. Induction and transformation of the resulting strain with S. uvarum ADE2 PCR product, followed by selection on SC +FUdR, resulted in strains possessing S. uvarum ADE2 sequence in the target locus on both chromosomes at a rate of 10 26 -10 27 per cell surviving the procedure (see text). The ADE2 coding sequence was replaced with HERP1.0. This strain was then transformed with S. uvarum ADE2 PCR product using two different methods. Cells surviving the transformation procedure were determined by diluting the reaction 1000 times, plating 1 ml onto YPD, and counting the colonies formed. The number of ADE2 insertions was determined similarly, except 50 ml of diluted reaction was plated onto SC 2adenine plates. All platings were done in triplicate.
S288c, which possesses a known mitochondria stability defect (Young and Court 2008) . This mitochondrial damage can be mitigated by using glycerol, which cannot be fermented, as the sole carbon source during selection on antifolate drug plates or by simply using the HERP cassettes featuring drug fusions. In one case, we also observed petite formation during double replacement in diploids when the cells were exposed to aged FUdR media containing glucose, a problem that again can be mitigated by using glycerol as a carbon source during counterselection. The HERP cassettes represent the first and most critical step toward a universal and self-contained fungal genomic engineering platform. Replacing the GAL1 promoter with a completely heterologous induction method, such as tetracycline-inducible systems (Bellí et al. 1998) , would allow the HERP cassettes to be ported to non-Saccharomycataceae yeasts or even to filamentous fungi. A transient extrachromosomal CRISPR/Cas9 system could also fulfill the need for a universal DSB generator, allowing the HERP cassettes to provide a wide variety of fungal systems with a highly efficient and specific method for genome engineering.
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We thank Audrey P. TkMX: The gene encoding thymidine kinase was amplified from plasmid p306-BrdU-Inc using oHWA130/131. This PCR product was used to transform the S. uvarum strain JRY9190 , which was subsequently selected on YPD +antifolate drugs to produce yHWA71. oHWA200/201 were used to amplify TkMX and to provide EcoRI sites on either end, which were then used to insert TkMX into the EcoRI site in plasmid pUC19, forming pHWA01.TkMX was then inserted into the hoΔ::NatMX loci of S. mikatae strain JRY9288 and S. kudriavzevii strain FM1098 by amplifying the TK gene from pHWA01 using oHWA230/231 and selecting on YPGly +AF media, forming yHWA204 and yHWA192, respectively. Once insertion was confirmed by sequencing, yHWA192 culture was spread onto SC media, grown overnight, and replica-plated to SCGly +FUdR plates. Recovered strains were sequenced to confirm the removal of TkMX by crossing over at the direct repeats flanking the cassette.
The ADE2 gene of RM11-1a was replaced using TkMX PCR product amplified from pHWA01 with primers oHWA216/218, along with URA3 amplified from pRS316 with primers oHWA217/219, and selected on YPGly +AF plates. These resulting ade2Δ::TkMX-URA3 strains were then transformed with ADE2 PCR product amplified from S. Biolabs) by electroporation and plating onto LB + carbenicillin. Bacterial clones were screened by PCR for correctly sized insertions into pRS316, and the insertions were confirmed by sequencing, resulting in pHWA12. The HERP1.0 cassette was amplified from pHWA12 with oHWA304/305 and subcloned into the SalI site of pUC19 (YANISCH-PERRON et al. 1985) to form pHERP1.0.
HERP1.1: HERP1.0 was amplified from pHWA16 with oHWA306/307, which targeted it to delete the ADE2 gene in S. cerevisiae strain RM11-1a and inserted the I-SceI cut site adjacent to the P GAL1 promoter, resulting in strain yHWA245. The hygromycin resistance gene Hyg (hph, hygromycin B phosphotransferase) was amplified from pAG32
(GOLDSTEIN and MCCUSKER 1999) with oHWA156/231, which added an 8X Gly linker to the 5' end of Hyg and targeted the PCR product to insert into the 3' end of HSV-TK. This PCR product was used to transform yHWA245, which was selected on YPD +hyg media. Resistant colonies were screened by PCR for insertion into the HERP1.0 cassette at ADE2, and this was confirmed by sequencing, giving strain yHWA247. The HERP1.1 cassette was amplified from pHWA12 with oHWA304/305 and subcloned into the SalI site of pUC19 to form pHERP1.1.
HERP1.2: HERP 1.1 was inserted into the ADE2 locus of S. cerevisiae strain FM1282 by amplifying the cassette from genomic DNA of yHWA247 with oHWA352/353 and selecting on YPD +hyg media, resulting in yHWA272. Once insertion was confirmed, the G418-resistance gene (Kan) from pUG6 (GÜLDENER et al. 1996) was amplified using primers oHWA163/231, which added the same 8X Gly linker and targeted it to the same area previously used to make the Hyg fusion. The PCR product was used to transform yHWA272, which was selected on YPD +G418. Resulting colonies were screened by PCR for changes in size, and candidates were confirmed by sequencing, resulting in strain yHWA275. The HERP1.2 cassette was amplified from pHWA12 with oHWA304/305 and subcloned into the SalI site of pUC19 to form pHERP1.2.
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Supplementary Protocol
The purpose of this document is to provide you with an easy-to-follow guide to using the HERP cassettes. We will go through the preparation of the selection and counterselection media, the culturing and transformation for insertion of the HERP cassettes, and counterseletive replacement of the HERP cassettes.
A 2) Autoclave for no more than 20 minutes on a liquid cycle.
3) Once autoclaved, cool to 50° in a water bath, then add the following and mix:
-5 g thymidine -200 mg methotrexate -100 mL 50% (v/v) glycerol, sterilized (NOTA BENE: the standard operating procedure for adding compounds after autoclaving is to dissolve them in a solvent, filter, then add to the media; this generally is difficult or impossible for methotrexate and thymidine due to the amount required. For the last two years, I've been adding the solid chemicals directly to the cooled media, and I've never had contamination. I suspect that the extreme conditions prevent microbial growth. Also, both methotrexate and thymidine are sensitive to heat, so take care to not add them early.) 4) Pour ~20 mL into plastic petri dishes and allow to set. You have now made YPGly +AF media. Autoclave then cool to 50° in a water bath.
2) Dissolve 55 mg of FUdR into 1.1 mL of ddH2O, filter sterilize, then add 1 mL of FUdR solution to cooled SC agar and mix.
3) Pour ~20 mL into plastic petri dishes and allow to set. You have now made SC +FUdR agar.
(NB: an alternate method to make SC +FUdR plates is to make a 1000x stock solution of 50 mg/mL FUdR in water, filter, then spread enough concentrate onto the surface of a premade SC plate to bring the final concentration to 50 μg/mL (20 μL of concentrate mixed with 80 μL of water, then spread onto the surface of a plate containing 20 mL of SC agar)) C. Inserting the HERP cassettes 1) Design primers with overhangs that target the cassette to your desired locus.
a) The 5' overhangs dictate where the cassette will be integrated, and the length needed depends on the species you're manipulating (40 bp for S. cerevisiae, S. paradoxus, S. uvarum, & S. eubayanus, 50 bp for S. mikatae, and 70 for S. kudriavzevii; S. arboricola's length requirement is unknown). The longer these overhangs are the more efficient integration will be, although longer overhangs usually mean longer oligonucleotides, which are expensive and sometimes difficult to use.
b) The 3' ends amplify the cassette from either the primer or yeast genomic DNA. While we have constructed both plasmids and stably-integrated yeast strains with all three HERP cassettes, the yeast strains provide an advantage over the plasmid constructs. HERP cassettes with an adjacent I-SceI recognition site are unstable in bacteria, resulting in the plasmid never being recovered. In yeast, SCE1 is actively repressed while growing on glucose, which prevents leaky nuclease expression. Because of this active repression, the yeast strains tolerate an I-SceI site adjacent to the HERP cassettes, which in turn reduces the length of oligonucleotide needed to provide both a priming site and a targeting overhang. The authors strongly recommend using the yeast strains as PCR templates for HERP cassette amplification. If the plasmids are used, then the 18-bp I-SceI sequence must be included on the oligo between the 3' amplification sequence and the 5' targeting overhang (Table S3) .
2) Amplify the HERP cassette of choice using your targeting primers and a high-fidelity polymerase such as New England Biolab's Phusion system. If your reaction makes use of DMSO or other harsh chemicals, clean your PCR product with a column before proceeding.
3) Culture your strain of choice by inoculating 50 mL of YPD media with enough overnight culture of your strain to bring the OD 600 to 0.2-0.25. Shake at the optimal temperature for your strain or species until the culture's OD 600 reaches 0.85-1.0.
4) Harvest the cells by centrifugation in a 50-mL conical vial at 3000 RPM for 5 minutes. Remove supernatant, wash with 25 mL water, and spin at 3000 RPM for 5 minutes. Remove supernatant and suspend cells in 1 mL of water.
5) Aliquot 100 μL cell suspension to microcentrifuge tubes, spin for 30 seconds at max speed in a microcentrifuge, and remove supernatant. however, needs to be plated. Once all the liquid has been absorbed, store agar up at the optimal temperature.
Colonies will appear in 3-10 days. FUdR by spotting ~1,000 cells onto SC +FUdR plates multiple times. Sensitive strains should exhibit no growth, while insensitive strains will rapidly grow.
2) Once your HERP insertion is confirmed and you have established FUdR sensitivity, begin by inoculating the strain in 50 mL of 2X YPA 100 +4% galactose (see main text) to an OD 600 of 0.2-0.25 and culture at the optimal temperature.
3) Once an OD 600 of 0.85-1.0 is reached, repeat steps C4 to C6, except replace the HERP cassette PCR product in C6
with your desired replacement PCR product.
4) Once the heat shock is completed, remove the supernatant, suspend in 600 μL water, and spread 200 μL onto each of three SC plates. Incubate at optimal temperature for 24 hours.
5) After 24 hours, incubate plates at 4° for one hour then lightly replicate plates to SC +FUdR plates. Re-replicate to fresh FUdR plates no more than once a day to reduce background growth. Colonies will appear in 2-5 days, longer if glucose is replaced by glycerol.
Figure S1
The gene encoding thymidine kinase was lost early in the fungal lineage. Other than a few genera of microsporidians (see main text), no sequenced fungal genome contains thymidine kinase, nor has any biochemical assay demonstrated thymidine kinase biochemical activity from fungi (red). The lineages that retained thymidine kinase (black) include most plants, animals, and bacteria. Bracket numbers are E-values for the highest scoring sequence attributed to that species when BLASTP ) using the soluble human thymidine kinase protein (GenBank: BAG70082.1) was performed with default settings. The cladogram was drawn using Geneious (KEARSE et al. 2012) . -1a (MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) (VEAL et al. 2003) by transformation and selection on SC -uracil media. Antifolate drugs were lethal to the untransformed strain but had no effect on the resulting URA3 strain.
Figure S3
HERP cassettes can be used to replace a single loci on both chromosomes simultaneously. A) Eight S. cerevisiae double replacement transformants were sporulated by first patching culture onto ultra-rich medium (2% yeast extract, 5% peptone, 6% glucose, 1.8% agar) at 30° for 24 hours, then spreading onto sporulation media (0.1% potassium acetate, 0.05% zinc acetate, 1.8% agar) at room temperature for six days. Twenty tetrads for each transformant were dissected onto YPD, and three fully-viable tetrads were picked and struck to YPD plates. The ADE2 locus of each of spore-derived streaks was amplified by colony PCR (cPCR); all 96 spores exhibited a band whose size was consistent with replacement of the HERP cassette, and all 96 bands, when sequenced, possessed the S. uvarum ADE2 sequence. Lanes labeled with the same number and a letter A-D are derived from four different spores from the same dissected tetrad. The lane labeled "M" is 1 kbp DNA ladder from New England Biolabs. B) The three S. uvarum double replacement candidates were sporulated by direct plating to sporulation media. 20 tetrads were dissected for each transformant, and three fully-viable tetrads were struck to YPD plates for analysis via cPCR and sequencing as above. All 36 strains possessed the P TDH3 -yEGFP-T CYC1 construct at the targeted locus on chromosome V. 
